A new constant pressure pendant-drop penetration surface balance has been developed combining a pendant-drop surface balance, a rapid-subphase-exchange technique, and a fuzzy logic control algorithm. Beside the determination of insoluble monolayer compression-expansion isotherms, it allows performance of noninvasive kinetic studies of the adsorption of surfactants added to the new subphase onto the free surface and of the adsorption/penetration/reaction of the former onto/into/with surface layers, respectively. The interfacial pressure π is a fundamental parameter in these studies: by working at constant π one controls the height of the energy barrier to adsorption/penetration and can select different regimes and steps of the adsorption/penetration process. 
INTRODUCTION
Surfactant adsorption and especially protein adsorption or penetration at interfaces plays a fundamental role in many tech-nological systems such as food processing and biological systems such as cell membranes, in which they constitute the physical bases that confer functionality. Typical examples are biomolecular recognition (1), cytoskeleton-membrane coupling (2, 3) , and interfacial activity of membrane-associated enzymes such as phospholipases (4) (5) (6) .
As the interfacial tension γ is a function of the adsorption density , it is possible to study these processes with interfacial tension techniques. Among the interfacial tension techniques, ADSA [axisymmetric drop shape analysis (7)] is one of the most precise and versatile. It fits experimental drop profiles, obtained from digital drop micrographs, to the Laplace equation of capillarity, and provides the interfacial tension γ and area A as outputs. It is noninvasive; i.e., the measuring device is not in direct contact with solvent or adsorbate and does not interact with them. Therefore it is especially useful for studies in which adsorption from subphase could take place: it overcomes a known deficiency of the conventional surface tension measurement methodologies like the Wilhelmy technique, where surfactants and particularly proteins may adsorb onto the plate, modifying the contact angle, thus altering the measured force and hence complicating the interpretation of the result (8) . And as surface balances with a fixed barrier measure directly the net horizontal force acting on the barrier, which is proportional to the surface tension difference between the surface layer-covered and the free part of the surface, they are not applicable to adsorptionfrom-bulk studies. The major limitation of the pendant drop methodology was, until now, the impossibility of performing kinetic studies at constant interfacial pressure or area.
In this work an upgrade of an ADSA-based penetration surface balance is presented. ADSA was originally developed for determining the interfacial tension, contact angle, drop surface area, and drop volume based on a drop profile (7) , and among other uses has been applied successfully to the measurement of interfacial tensions between immiscible liquids (9) , and to the determination of ultralow interfacial tensions (10) . It also has been employed for relaxation kinetics studies of surfactant adsorption layers (11) (12) (13) (14) and as a film balance at the air-water interface (15) (16) , at the oil-water interface (17) , and recently as a penetration film balance at the air-water interface (18) and at the oil-water interface (19) , offering a wide range of possibilities and advantages over conventional surface balances.
But since the interfacial pressure π = γ 0 − γ (γ 0 and γ are the tensions of pure solvent and surface layer-covered drop surfaces) is a fundamental parameter in both adsorption and penetration kinetics, control over it opens a new and wide experimental field: we will show that working at constant π enables one to provoke stationary states with a controlled height of the energy barrier to adsorption/penetration. With an adequate selection of π control and bulk concentration one can select different regimes (from diffusion-controlled to adsorption-controlled) and steps (transport subphase-subsurface/penetration subsurfacesurface/molecular rearrangement) of the process: for every surfactant with its individual interface affinity and bulk diffusivity, we have that at sufficiently high bulk concentration and sufficiently high surface pressure, adsorption will be penetration limited, and at sufficiently low bulk concentration and surface pressure, adsorption will be diffusion limited. Therefore it was necessary to develop and implement a pressure control mechanism to the methodology, which will be described in detail below.
MATERIALS AND METHODS

Materials
Lyophilized, ess. salt-free bovine β-casein (90+% from electrophoresis) and dimyristoyl phosphatidyl choline (DMPC, 99+%) were purchased from Sigma Chemical Co. and pancreatic phospholipase A 2 (PLA 2 ) from E. Merck. n-Hexane (ACS, 99+%; E. Merck) and absolute ethanol (EtOH, purissimum 99%; Panreac Química SA) were used as spreading solvents for the formation of insoluble monolayers. DMPC final solutions DMPC (75 µM, in n-hexane + EtOH 9 : 1) were obtained by appropriate dilution of the stock solution (10 times concentrated, n-hexane + EtOH 4 : 1). For the adsorption experiments, β-casein was dissolved in phosphate-buffered saline (PBS: 13.0 mM KH 2 PO 4 (purissimum, Merck), 54.0 mM Na 2 HPO 4 (pa., Merck), 100 mM NaCl (pa., Merck), pH 7.4), while for the penetration experiments Tris buffer (10.0 mM Tris (pa., Merck), 150 mM NaCl, 5.0 mM CaCl 2 (pa., Merck), pH 8.9) was employed as bulk phase. Millipore MILLI-Q + water (5.54 µS) was used for buffer preparation and any other purpose.
The chemicals were used without further purification. All experiments were performed at T = 23
• C. All solid surfaces in contact with the drop, the bulk phases, or the spreading solution are made of glass, stainless steel, or Teflon or are Teflon-coated.
Setup and Measurement Procedures
In Fig. 1 , a schematic representation of the setup is shown, which is essentially identical to the one used by CabrerizoVílchez et al., excepting the fuzzy control, and is described in detail elsewhere (18) . It is completely computer controlled by a user-friendly, Windows-integrated program (Dinaten).
A solution droplet is formed at the tip of a capillary, which is the outer one of an arrangement of two coaxial capillaries connected to the different branches of a microinjector. These can operate independently, permitting one to vary the interfacial area by changing the drop volume, and to exchange the drop content by throughflow, as shown in Fig. 2 (Spanish Patent with registration number P9801626 (20) ).
A Sony CCD B&W camera (SSC-M370CE) equipped with a Leica Apozoom objective is fixed to an optical bench together with the light source, the light diffuser, and the capillary tip. A PC, equipped with a Data Translation DT 3155 frame grabber, receives and stores the CCD signal. The software first detects the drop profile (7) and, with an appropriate calibration, transforms it into physical coordinates. Then the experimental drop profiles are fitted to the Young-Laplace equation of capillarity using ADSA (11) . This process is performed automatically, the liquid density difference and local gravity being the only inputs, and yielding as outputs γ , the drop volume V , and the interfacial area A in about 0.3-5 s for each picture, depending on the required precision.
The setup is placed upon a pneumatic vibration-damped optical bench table (Optical Table Isolator , Melles Griot) in a clean laboratory in the basement of the building.
For studies with insoluble monolayers, the latter is formed by spreading onto the drop surface, i.e., by deposition of a surfactant solution using a Hamilton (1 µl) microsyringe placed on a micropositioner, as previously described (16) .
Once the spreading solvent has evaporated, and consequently, the amphoteric molecules are confined to a monomolecular film at the subphase-air interface, a thermostated and vapor-saturated standard spectrophotometer cuvette (Hellma 110-OS) is raised to enclose the drop, permitting temperature control and minimizing contamination and drop evaporation. If desired, the cuvette can be filled with another-immiscible and water-saturatedliquid, and carefully raised until submerging the whole drop, thus transferring the monolayer from the air-water interface to the oil-water interface. This allows one to obtain π -A isotherms or to perform penetration studies at liquid-liquid interfaces.
In the case of adsorption studies, normally the layer is formed by free adsorption from the subphase, or-if desired-from the surrounding liquid phase.
Once the desired π is attained (by free adsorption at constant V or A for soluble surfactants and by compression for spread insoluble monolayers) the original subphase liquid in the drop can be substituted quantitatively by a new one through simultaneously extracting bulk liquid of the drop with one of the capillaries and injecting the new solution with the other one. CabrerizoVílchez et al. showed that this rapid subphase exchange is complete if at least 250% of the drop volume is pumped through the drop, and that phospholipid monolayers at the air-water interface are not disrupted by this exchange at any pressure (18) . This allows study of the penetration of insoluble monolayers by some reactant dissolved in the subphase. In the case of adsorbed monolayers its interest may reside in desorption studies, for instance, in the study of the amount of irreversibly adsorbed protein, as performed, i.e., by (21) on conventional Langmuir balances.
The adsorption/penetration/reaction kinetics at constant π are then studied monitoring the variation of A in time, i.e., determining the relative area change necessary at each instant to compensate the pressure variation due to the interaction of the surfactant in the subsurface with the surface layer.
Interfacial Control System
The interfacial control system is a closed-loop control with a fuzzy controller between the input signal and the controlled process. The actual value of the system variable is compared with a reference value, and if a difference is detected the controller provides a control signal to rectify the system variable.
The design has been based on fuzzy logic, as it offers the following advantages over classic controllers:
1. It is faster and easier to design, test, and tune. Being based on the compliance of a set of rules instead of a mathematical model of the system, it can be modified simply by changing or adding rules instead of redesigning the model.
2. It is not necessary to find a set of more or less complex equations to describe the system: the rules are established on the basis of previous knowledge of the system, using linguistic variables (small, medium, big), which permit some uncertainty and are closer to human language.
3. Due to the inherent nonlinearity of the rule base, membership function, and inference process, it adapts itself more easily The controller is a special proportional-integral derivative (PID; strictly speaking PD | PI). This means first that its response is a function of the measurement variable error ε (the difference between measured and reference value), the error increment ε (difference between actual and previous error), and the integral error ε (the sum of them). Second it is a special PID because it is composed of two independent PD and PI controllers, which commute their response depending on the actual state of the system, as shown in Fig. 3 . This permits one to use to advantage the benefits of both types: the derivative PD is used to obtain a rapid response when the signal is far from the reference value (decreasing the settle and rise time), and the integral PI is used to stabilize the system in the reference value once it is close to it (reduce the steady-state error) (22) .
The internal structure of the controller permits one to apply the control to any measurement variable, namely the interfacial pressure and area, which are of interest for a surface balance. This confers maximal versatility to our methodology, making possible its application to very different fields, and even allows combining pressure and area control in one protocol. The control variable is the drop volume, and the response of the measurement variables surface pressure and area depends on the relative volume change rather than on the absolute one. Therefore, the drop volume has been included among the input variables; it modulates the controller response depending on the drop volume. It is also possible to choose the interfacial area or pressure as modulating input variable, but our tests showed that the drop volume is the most universally applicable one. So, the controller has the 4 inputs, measurement variable error ε, error increment ε, integral error ε, and drop volume, and the output injection volume V out .
The principal characteristics of the controller are the following, according to (23-25):
1. The fuzzy sets used for the linguistic input variables related to the error ε are symmetric, have the same support, and are uniformly distributed over the normalized universe of discourse. This is convenient if the system must be maintained at any possible value of the measurement variable. They are triangular with 50% overlap, which ensures that there are always at most 2 sets overlapping, therefore limiting the computation In their distribution we took into account the fact that for practical reasons (risk of monolayer collapse and/or large measurement errors) drop size should always be beyond a certain minimum, which depends on the experimental conditions. This is achieved by putting trapezoidal fuzzy sets for S and B, with overlap only in the moderate part of the range, and a triangular M, as shown in Fig. 5 .
2. Singleton fuzzy sets are used for the output linguistic variables for several reasons: the calculi are faster, they permit one to obtain rules in a more intuitive way, and they allow extreme output values. In order to obtain a higher resolution in response, 7 values have been chosen: Big Negative (NB), Medium Negative (NM), Small Negative (NS), Zero (Z), Small Positive (PS), Medium Positive (PM), and Big Positive (PB). To further increase the dynamic performance, the following nonuniform set distribution over the normalized discourse universe was implemented: {−0. 4. In order to maximize versatility of the device, the scale factors from normalization are adjustable, being implemented as default values: for ε, ε, and ε 50 mJ/m 2 , if pressure is controlled, and 50 mm 2 , if area is controlled. The default scale factor for the input volume is 32 µl, and for the output volume 20 µl. In our tests these default values were convenient for standard experiments, i.e., for liquid-air interfaces and aqueous solutions they produced correct operation (no monolayer collapse or drop detachment) and maximum performance (minimum rise and settle time and steady-state error). But for other experiments the following limiting conditions must be taken into account: (a) the maximum π can never exceed γ 0 (a positive γ is condition for the existence of the drop as entity, see definition), and for experiments with insoluble monolayers it should not exceed γ 0 − (γ sv − γ sl ) (γ sv is the surface tension of the Teflon capillary tip and γ sl is the interfacial tension between the latter and the drop), because at higher π wetting of the capillary occurs and part of the monolayer may be transferred to it. (b) The limiting drop size, at which drop detaches due to imbalance between surface tension and gravity force, depends on the density difference between the two fluids. So, at liquid-liquid interfaces, although the liquid-liquid interfacial tensions γ ll are usually smaller than the liquid-air interfacial tensions γ lv , significantly greater drop sizes (and hence, volumes and areas) can be obtained.
5. The inference mechanism is based on Mamdani's methodology (26) and on Jager's practical approximation (25) . Local inference is used, as it is easier to adapt to processes where no mathematical model is known. The max-prod method offers better results than the classical max-min method and was therefore implemented: the inference is performed using the product operator, the composition is done using the maximum operator, and the defuzzification is carried out employing the Center of Gravity method.
6. In the fuzzification phase, the numerical input was translated to a singleton fuzzy input set for further application to the inference engine.
APPLICATIONS
The functionality of our device as film and penetration balance at liquid-air and liquid-liquid interfaces has already been shown (16, 18, 19) . Several computer simulations and experiments were done to develop and tune the elements of the fuzzy control: rule base, the membership functions of the fuzzy sets, and the inference mechanism. We tested the performance of the interfacial control in different situations corresponding to the several applications of the device, i.e., tests for the area control and the pressure control, in situations of no load (i.e., control response tends to zero as the measurement variable tends to the reference value), more or less constant load (control response tends to a constant value as the measurement variable tends to the reference value), and variable load.
Simulations
The computer simulations have the advantage of being quicker and easier, as no experiments must be prepared. But the previous knowledge of a single-valued functional relation between measurement and control variable is needed. This relation, if existing, can be obtained from theoretical considerations or from fitting of experimental data. But it may exist or not, depending on the studied system. So, e.g., in surfactant adsorption the measurement variables are a function not only of the control variable volume but also of time. In this case fitting may be still possible but considerably more complicated. But if adsorption is irreversible, as may be the case for some proteins (see, e.g., 21, 27) , no such relation can be obtained by fitting of the experimental data, and the existing theoretical models are not adequate for a sufficiently general prediction of protein film behavior. Therefore, computer simulations are recommended only for some situations, where a functional relation between measurement and control variable can easily be obtained. This is only the case in no-load situations, as, e.g., for a pure solvent drop, where γ does not depend on A (and hence, on V ), which means that within a certain size range we have A ≈ cte · V 2/3 . And with insoluble monolayers of certain amphoteric materials-as, e.g., some phospholipidsit is possible to perform compression-expansion cycles without significant hysteresis, which means that there is a more or less single-valued functional relation between π and A or V . We fitted characteristic experimental π (V ) plots obtained form compression/expansion of several phospholipid monolayers to 5th or higher order polynomials and used these for simulations. The selection of the defuzzification and inference methods, as well as the first version of the rule set, was based on these simulations.
But in real situations, the controller must be able to stabilize the system still in the presence of noise and even more or less strong perturbations (e.g., vibrations due to a little knock against the apparatus will lead to shapes of drops which are far from hydrodynamic equilibrium, and thus cause large errors in the determination of γ ). So the definitive tests of the controller must be with real experiments.
Experimental Tests
No Load
We chose the above-mentioned no-load situations, i.e., for the area control a pure water drop, and for the pressure control a monolayer on water subphase, spreading 75 pmol DMPC by deposition-on-drop as described in (16) . In both cases a similar protocol was used: starting from some initial drop state, the device was programmed to bring the drop via step set-point change to a certain state, characterized by some value of the measurement variable, and to maintain it there during 30 measurementcontrol cycles. This is repeated for 4 different states spread over the range of possible states, including pure S and B drops as well as S-M and M-B overlap drops. Thirty cycles were enough, as normally only 5-10 cycles are necessary to reach the baseline, and if the system lost stability, it usually started losing it during the first 20 cycles.
In Fig. 7 the results of such an area control experiment are shown. The interfacial area (), the total drop volume (᭹) and the control response V out ( ) are plotted as a function of time. In the area plot the 4 different baselines (35, 15, 45, and 25 mm 2 ) are included as dotted lines, as well as the zero-response line in the V out plot. In the 4 cases, the baseline ±0.2 mm 2 is reached in 6-10 steps, and from the ≈10th step on baseline ±0.05 mm 2 is maintained. In all 4 cases first the PD is activated (large ) and later commuted to the PI (small ). The small kink in the V out plot at t ≈ 105 s is due to this commutation.
The results of an analogue π control experiment are shown in Fig. 8 . This time the π plot () shows somewhat larger fluctuations around the 4 baselines (25, 1, 40, and 15 mJ/m 2 ). This is not scatter due to a lack of measurement precision, but due first to the more complex relation between measurement and control variable, and second to the larger relaxation times of the surface layer-subphase system, i.e., we did not wait until "real thermodynamic equilibrium" was reached. (This is also Experimental test of the area controller in no-load situation (step set-point change): the device was programmed to bring the area of a pure water drop (initially 46 mm 2 ) via step set-point change to 35, 15, 45, and 25 mm 2 successively, and to maintain it constant at these values during 30 measurementcontrol cycles. The interfacial area A (), the total drop volume V (᭹), and the control response V out ( ) are plotted as a function of time. In the area plot the 4 different baselines are included as dotted lines, as well as the zero-response line in the V out plot. In all 4 cases first the PD is activated (large ε) and later commuted to the PI (small ε). The small kink in the V out plot at t ≈ 105 s is due to this commutation. visible in the interval 63 s < t < 77 s, where the π baseline is already reached, but V is still growing from 22.19 to 22.78 µl, which means that the monolayer is still relaxing). Anyway, in the 4 cases the reference value ±0.25 mJ/m 2 is reached within 5-8 steps and maintained.
Constant Load: Protein Adsorption
To test our device in an experimental more-or-less constantload (ramp-modeled input) situation, we performed some protein adsorption experiments. The typical protocol includes area control and pressure control in the same experiment: at t = 0 a protein solution drop is formed at the capillary tip and left for some seconds, while the interfacial parameters are measured. Next the controller is activated to maintain constant the area at its actual value until a certain film pressure is reached, where pressure control sets in, maintaining π constant at this value. The results of such an experiment with β-casein 0.1 g/L in phosphate saline buffer at pH 7.4 and T = 23
• C are shown in Fig. 9 , where surface tension (), interfacial area (᭹), total drop volume ( ), and control response (᭢) are plotted as a function of time. As the protein adsorption leads to a surface tension decrease (and this would lead to an area increase at constant volume), the area controller must reduce the drop volume slightly (mean −0.003 µl/cycle), to maintain area at A = (25.99 ± 0.02) mm 2 (absolute dispersion), while the pressure controller must increase drop volume (mean +0.06 µl/cycle) to compensate the pressure increase. Pressure was maintained at π = (20.04 ± 0.25) mJ/m 2 (absolute dispersion) or π = (20.04 ± 0.1) mJ/m 2 (95% confidence standard deviation). It is clear that the supported load strongly depends on the surfactant concentration, as well as on the maintained pressure. To test the performance of the device over a range of loads, a set of experiments with protein solutions at different concentrations was performed, applying different lateral pressures and following the above protocol. Given that in this kind of experiment the interesting magnitude is the surface dilatation rate, i.e., the relative area change rate θ = d A/Adt = d(ln A)/dt rather than the absolute one, in Figs. 10 and 11 , the natural logarithm of the area (measured in mm) was plotted instead of the area. This way the dilatation rate θ can be easily obtained by taking the derivation of the ln A (t) plot. And since the time necessary to reach the control pressure by adsorption at constant area depends on the magnitude of π control and on the concentration, we shifted the time axis in a way that time origin is always at the onset of pressure control. In Fig. 10 , the effect of the magnitude of the applied π control on dilatation is shown for β-casein
• C. γ and ln A are plotted as a function of time, with π control = 10 (), 15 (᭹), and 20 ( ) mJ/m 2 . In Fig. 11 , the effect of the bulk concentration on dilatation is shown for β-casein solutions in PBS at T = 23
• C with a fixed control pressure of π control = 15 mJ/m 2 , where γ (t) and ln A(t) curves are shown for [cas] = 0.1 (), 0.03 (᭹), and 0.01 ( ) g/L. In all cases pressure is maintained at π control ± 0.3 mJ/m 2 . The most striking feature is the great linearity of the ln A(t) plots: linear fits always yield regression coefficients r ≥ 0.99. Thus, for a given concentration, protein adsorption at constant pressure occurs at constant surface dilatation rates. This is consistent with theoretical considerations, and above all a very important experimental result: we measured dilatation rates over a wide range of pressures and protein concentrations, and except in the limit of bulk depletion (when a significant part of the total amount of surfactant concentrates at the interface, bulk concentration decreases) this is always the case. But as explained in the introduction, the different experiments corresponded to different regimes (from diffusion-controlled to adsorption-controlled) and steps (transport subphase-subsurface/adsorption subsurface-surface/ molecular rearrangement) of the process. That means that we are able to provoke stationary states at different regimes and steps of protein adsorption, each being characterized by a directly measurable dilatation rate. Traditionally, the information about energy barriers to adsorption/penetration was obtained from dynamic surface tension measurements γ (t) at constant area (conventional Langmuir troughs) or at constant volume (pendant drop). But since with these techniques the adsorption density (t) is not directly accessible, normally one of the following procedures (which will not be discussed here) is employed: (a) use of interfacial equations of state (which, in general, are not very precise), or (b) the Gibbs-Duheim equation is extended to nonequilibrium (28) , or the use of nonthermodynamic quantities like the reduced or effective diffusivity including the energy barrier, combined with elasticity measurements (29) . With the only supposition that constant π implies constant , our device provides with the dilatation rate a direct measure of the rate of incorporation of surfactant molecules, which, for a given concentration, is only a function of π and therefore is an adequate measure of the energy barrier.
Variable Load: Interfacial Hydrolysis of Phospholipids Monolayers
In order to test our device in a variable charge situation implying rapid subphase exchange, a study of the interfacial hydrolysis of mixed phospholipid monolayers by porcine pancreatic phospholipase A 2 was performed. PLA 2 s are a family of small water-soluble isoenzymes present in porcine and bovine pancreas, as well as in some snake and bee venom, with molecular weights around 14,000 Da (usually about 120-134 amino acids) and with a substantial sequence homology (30) . The three-dimensional structure is known to high resolution for several of the enzymes, and they also reveal great similarity (31) . They all catalyze stereospecifically the hydrolytic cleavage of ester linkages of the 2-acyl group (hence the designation A 2 ) of membrane-forming glycerophospholipids to release the corresponding lysophospholipids and free fatty acids. Its importance in many biological processes like rebuilding and modification of membranes and release of arachidonic acid, together with its clear preference for interfaces of organized substrate aggregates in aqueous dispersions as monolayers, bilayers, and micelles, has produced an overwhelming amount of information about its enzymatic action (4, 32, 33) . A schematic diagram of this interfacial catalysis is given in Fig. 12.   FIG. 12 . Scheme of the interfacial hydrolysis of a phospholipid monolayer by PLA 2 . The experimental procedure was the following: first a monolayer is formed on Tris buffer, as described above. Once the spreading solvent has evaporated, the drop is enclosed in the cuvette and is grown to the maximum size (typically 30 µl, i.e., an area of 0.5 cm 2 ), providing enough surface area for the monolayer to be in the gas-analogous state. When "thermodynamic equilibrium" is reached, the microinjector slowly decreases the drop volume and hence the drop surface area, compressing the monolayer until the desired compression state is reached. Then the controller keeps the film pressure constant at π control for approximately 1 min, allowing the film to equilibrate. Next the subphase under the monolayer is exchanged (300% in 3 s) by the same buffer containing 0.57 mg/L PLA 2 (corresponding to about 100-500 lipid molecules at the interface for each molecule of PLA 2 in the drop subphase, depending on π), and pressure control is activated to maintain π control during the period of enzymatic hydrolysis. Since the hydrolysis products of DMPC, lyso-MPC and myristic acid, are more soluble in the aqueous subphase than DMPC, at sufficiently high lateral pressure (π control ≥ 5 mJ/m 2 ) they are expulsed from the monolayer and solubilized, which leads to the measurable area decrease.
The typical results of such an experiment with π contol = 15 mJ/m 2 at T = 23
• C are shown in Fig. 13 , where film pressure (), interfacial area (᭹), total drop volume ( ), and output volume (᭢) are plotted as a function of time, whose origin was chosen at the conclusion of subphase exchange. So, the t < −1 min part corresponds to the monolayer compression which, if displayed as a π (A) plot, would give the corresponding compression isotherm. For t < 1 min a smaller time scale was used than for t > 1 min to improve clarity. The absence of discontinuities of π , A, and V at t = 0 proves that the monolayer supports the exchange. The fact that A (and V ) remain constant at 0 ≤ t ≤ 2 min indicates that there is a lag time before the onset of the "burst in catalytic activity," visible by the rapid area decrease. Fig. 13 ) is plotted as a function of time.
former case the enzyme is injected into the subphase, transport over macroscopic distances is necessary and large concentration fluctuations may occur, complicating the interpretation of the lag time. This led some authors to rather complex modifications in the trough (34) . In the latter cases this can be overcome by vigorous stirring, but it is necessary to take into account the possible enzyme transport from one vesicle/micelle to another ("scooting vs hopping mode"), which requires a quite complex adaptation of the Michaelis-Menten formalism (4). In our device these problems do not appear; the advantage of a unique interface is combined with the fact that in a few seconds the whole subphase is replaced avoiding further enzyme transport over macroscopic distances, providing a homogeneous enzyme subsurface concentration. This allows a more precise study of the lag time.
In Fig. 14 , the relative area A(t)/A(t = 0), corresponding to the monolayer hydrolysis part of two runs under identical conditions, is plotted as a function of time. The reproducibility is satisfactory.
SUMMARY AND CONCLUSIONS
As a surface balance, the pendant drop methodology offers a wide range of advantages over conventional Langmuir troughs: beside a more stringent control of the environmental conditions and therefore more uniform temperature, pressure, and concentration along the interface, small amounts of material needed, and a 20 times greater interface/volume ratio, it is noninvasive, i.e., it allows adsorption studies without the risk of protein adsorption onto the measuring device. Finally it permits addition or removal of surfactant over a wide range of concentrations and at a velocity much larger than characteristic diffusion velocities. Thus the diffusive effect can be separated from the interaction phenomena with the monolayer more reliable than conventional subphase injection techniques.
The interfacial control works properly in all tested situations: as area control as well as pressure control, and over a wide range of constant and variable charges. With the pressure control the device is capable of performing noninvasive adsorption/penetration/reaction kinetics studies at liquid-air and liquid-liquid interfaces at constant pressure or area.
